To compare phospholipid (phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine and phosphatidylinositol) profiles of human control and glaucomatous aqueous humor (AQH).
Introduction
The glaucomas are a group of diseases that cause irreversible blindness frequently associated with an elevated intraocular pressure (IOP) . Primary open angle glaucoma (POAG) is one of the most common forms. An estimated 60.5 million people worldwide suffer from glaucoma [1] . Elevation of IOP occurs due to pathologically increased resistance to aqueous humor drainage [2] . Lowering IOP is the only proven strategy for protecting the optic nerve from glaucomatous optic neuropathy. In addition to elevated IOP, diurnal fluctuation in IOP has also been found to be a risk factor for glaucoma development [3] . POAG is most frequently associated with increased elevated IOP [4] and more frequent fluctuation in IOP [3] . The aqueous humor is actively produced by ciliary epithelium [5, 6] and exits through the structures in the anterior chamber [4] . The elevated IOP is thought to be due to impeded outflow. The outflow is reduced in glaucoma due to increased resistance to outflow at the trabecular meshwork (TM), a filter like structure responsible for fluid flow regulation. The exact factor responsible for this increased resistance in the TM in glaucoma is poorly understood. Changes in the TM extracellular matrix (ECM) [7, 8] and the intrinsic elastic modulus of TM both at tissue and cell levels [9] [10] [11] have been demonstrated in glaucoma compared to physiologic conditions.
The main drainage pathway of aqueous humor (AQH) lies in the anterior chamber, which consists of the trabecular meshwork and the Schlemm's canal [12] . Two mechanisms of lowering IOP are decreasing the production of aqueous humor or increasing the outflow of aqueous humor. Aqueous outflow can be increased through two known pathways -the trabecular meshwork or the conventional, and the uveosceral pathway. A number of pharmacological factors modulate aqueous outflow, for example, β-blockers and carbonic anhydrase inhibitors are known to decrease aqueous humor production. Another group of pharmacological factors, single classes of lipids known as prostaglandins were originally found to exist endogenously. These lipids were discovered in the iris and as a result were named irin [13, 14] . Although they were found to have IOP lowering ability by increasing aqueous humor outflow via the uveoscleral pathway, they also have significant side effects [13] [14] [15] [16] [17] [18] . Further research into their mechanism of action provided insight into the existence of prostaglandin receptors in the uveoscleral pathway with greater concentration compared to that in the conventional pathway [19] .
As noted above, the reason behind increased TM resistance in POAG remains poorly understood. The endogenous factors that regulate TM cell behavior and homeostasis also remain poorly understood. Importantly the presence of endogenous lipids in the AQH other than prostaglandins remains to be investigated. TM is constantly bathed in AQH and therefore it is plausible that factors in the AQH may play a modulatory role for TM cell behavior. Existence and the identification of different classes of endogenous lipids in the AQH largely remain to be investigated. A significant compositional change in the AQH may change the state of TM cell behavior and health of TM tissue. Until recently, suitable methods applicable to mixed lipids in very low amounts present in the AQH were critical barriers for their identification and simultaneous quantification. Recent developments in tandem mass spectrometry, bioinformatics and lipid databases have largely eliminated these barriers [20] [21] [22] [23] [24] . We present the results of profiling for four phospholipids classes namely: phosphatidylcholines (PCs), phosphatidylserines (PSs), phosphatidylethanolamines (PEs) and phosphatidylinositols (PIs) in the aqueous humor and their comparative analyses between glaucomatous and control donors.
Materials and methods

Aqueous Humor Procurement
Control and POAG AQH were procured during glaucoma and cataract surgeries following institutional review board approved protocols and principles outlined in the Declaration of Helsinki were adhered to. A total of 15 control and 15 glaucomatous AQH samples (Supplemental Tables S1 and S2) were included for these studies. All AQH samples were immediately stored at −80°C until time of use. The mean age of donors was 69.8 ± 9.5 years and both genders were included for these studies.
Lipid Extraction
Aqueous humor samples were subjected to extraction of lipids using suitable and minimal modification of Bligh and Dyer method [25, 26] . The lower organic phase containing the extracted lipids was isolated and solvent dried with a Speed-Vac (Model 7810014; Labconco, Kansas City, MO). Samples were subsequently flushed with argon gas to prevent oxidation. Proteins recovered from the corresponding upper aqueous phase were quantified using Bradford's method [27] . A subset of protein samples were also subjected to densitometric quantification using bovine serum albumin (BSA) as a standard (amino acid quantified) after electrophoretic separation on a PHAST (GE Healthcare Bio-Sciences AB, Sweden) gel system [28] . We also repeated protein estimations using an amino acid analyzer after overnight digestion in hydrochloric acid following previously published protocols [29] . The protein amounts determined using amino acid analyzer was utilized in normalization of lipids per amount of proteins. In order to determine and ensure extraction efficiency, ovine wool cholesterol (molecular mass 386.7; catalog no. 700000; Avanti Polar Lipids, Albaster, AL) [30] was premixed with AQH prior to extraction. All extractions and subsequent handling was made using glass vials to avoid contaminating impurities.
Mass Spectrometric Analysis
A triple quadrupole electrospray mass spectrometer (TSQ Quantum Access Max; Thermo Fisher Scientific, Pittsburgh, PA) was used for analysis of lipids in infusion mode using TSQ Tune software that is part of the Xcaliber 2.3 software package. Extracted lipids were dried and re-suspended in LC-MS grade acetonitrile: isopropanol (1:1). Samples were infused with a flow rate of 10μl/min and analyzed for 1.00 minute with a 0.500 second scan. Scans typically ranged from 200 m/z to 1000 m/z unless specified otherwise. A peak width was set at 0.7 and collision gas pressure was set at 1mTorr. Sheath gas (nitrogen) was set to 20 arbitrary units. Auxiliary gas (Argon) was set to 5 arbitrary units. For analyses of different phospholipid classes collision energy, spray voltage, and ion mode were set based on previous studies [20, 24, 26, 31] . Control and POAG AQH, n=15 each, were utilized for each of the four phospholipid classes analyzed. Class specific lipids were quantified using class specific quantitative lipid standards in two steps [20] . In the first step the most abundant lipids of the class were quantified using a class specific lipid standard and in the second step, the quantification values determined using the first step were used for quantification of the identified low abundant lipid species [20, 24, 26] . The quantification lipid standards (all procured from Avanti Polar Lipids, Albaster, AL) were the same as in our previous study on trabecular meshwork, namely 1,2-ditridecanoyl-sn-glycero-3-phosphocholine (molecular mass 649.89, catalog no. 850340) for PCs, 1,2-dioleoyl-snglycero-3-phospho-L-serine (molecular mass 810.03, catalog no. 840035) for PSs, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (molecular mass 744.04, catalog no. 850725) for PEs and 1,2-dioleoyl-sn-glycero-3-phospho-(10-myo-inositol) (molecular mass 880.15, catalog no. 850149) for PIs [26] . Quantification lipid standards are different than the lipid standard used for determination and normalization of extraction efficiency. The ovine wool cholesterol (molecular mass 386.7) was used for determination of extraction efficiency as stated above. About 10 scans each with and without internal standard (usually in the range of 0.1-5 pmol) was performed for each sample. Ratiometric quantification was achieved using the MZmine 2.9 program. Lipid concentration was normalized to protein amount determined from the corresponding aqueous phase as described above.
Data Analysis
Representative spectra for each sample were carefully and manually inspected by two independent observers from 10 spectra collected for each sample with and without the internal standard (total 30 spectra) and then used for further analyses. Spectra was converted to netCDF files from Thermo RAW files using the Xcalibur 2.3 software suite, subsequently imported into MZmine 2.9 [32] , and subjected to noise removal followed by analyses. A selected subset of data was also subjected to analysis in SimLipid version 3.1. The following steps were briefly used for quantification using MZmine 2.9. Thermo RAW files were imported into the MZmine program interface. Original RAW files were retained for future reference. Imported spectra were filtered by the Scan-by-Scan method. Masses were detected in centroid mode and noise levels were removed after the chromatogram was constructed following procedures as described previously [26] . Identification of lipids was achieved using a custom database created from the LipidMaps Database (LMSD). Salient features of phospholipid nomenclature have been presented (Supplemental Table S3 ). The identification so obtained indicates positions of double bonds and other features of lipids as present in the database and has been retained in our tables. However, our triple quadrupole data cannot verify all the detailed features. Thus, what we indicate in the table are the lipids as found in the database that have been matched by MZmine 2.9. Unique lipids (Table 1) are defined as a given lipid species found in only one group (control AQH or POAG AQH), and with a frequency of ≥ 2 donors. For common lipids species (Tables 2-5) , the presence was recorded in both groups with at least a frequency of ≥ 2 donors in one group. Unique lipid experimental readings (the amount of lipid species) were found to be significantly different from 0.0 by one-sample t-test (P ≤ 0.05). The common lipid species had statistically significant differences between control and POAG AQH by ANOVA. Scheffe's post hoc test demonstrated a statistically significant difference between control and POAG AQH samples for certain lipid species (P ≤ 0.05).
Results
A representative phosphatidylcholine spectrum for aqueous humor samples from a control (Fig. 1A) and from a POAG donor (Fig. 1B) has been shown. Each of these spectra had a fixed amount (2 pmol) of a lipid standard added normalized to protein amount in the AQH, demonstrating the differences in AQH between the two donors. Total phospholipids in the AQH are reduced by 24.1% in POAG compared to control donor AQH (Table 6 ). The reduction in total PSs was higher (73.3%) while PCs underwent the least change (2.9%) in POAG compared to control donor AQH. Interestingly, total amount of PEs increased (79.4%) followed by PIs (30.0%) in POAG compared to control (Table 5) . Comparison of lysophospholipid to phospholipid ratios between control and glaucomatous AQH (Supplemental Fig. 1 ) has been shown. The levels of lysophospholipids as a percent of total phospholipids were elevated in POAG AQH (Supplemental Fig. 1A ) together with PS and PE in contrast to elevated levels of LysoPC and LysoPI in control AQH (Supplemental Fig.  1B-E) .
Phosphatidylcholines of AQH
No unique PC species were found in either control or in POAG AQH ( Table 1 ). The number of common PC species between control and glaucomatous AQH was 152 (Table 2) .
Phosphatidylserines of AQH
No unique PS species were found in either control or in POAG AQH (Table 1 ). The number of common PS species in AQH was 141 (Table 3) .
Phosphatidylethanolamines of AQH
There were 2 and 1 unique PE species identified in the control and glaucomatous (Table 1) AQH respectively while 142 species were common in both (Table 4 ). The most frequently observed unique PE species in control AQH were: PE-NMe2(O-16:0/O-16:0) found in 2 donors and PE(18:1(9E)/18:1(9E)) found in 7 donors. The most frequently occurring PE species observed in glaucomatous AQH was: PE(15:0/20:3(8Z,11Z,14Z)) found in 4 donors (Supplemental Tables S1 and S2 ).
Phosphatidylinositols of AQH
One unique PI species was identified in the control AQH while two unique PI species were identified in the glaucomatous AQH (Table 1) . There were 134 PI species in common between control and POAG AQH tissues (Table 5 ). The most frequently observed unique PI species in the control AQH were: PI(20:2(11Z,14Z)/22:4(7Z,10Z,13Z,16Z)) found in 6 donors. The most frequently occurring unique PI species in glaucomatous AQH were: PI(16:1(9Z)/22:4(7Z,10Z,13Z,16Z)) found in 6 donors and PI(O-18:0/0:0) found in 3 donors (Supplemental Tables S1and S2) .
Discussion
AQH outflow is impeded secondary to increased trabecular meshwork resistance in POAG [13] , resulting in elevated IOP, which in turn, causes optic nerve damage. The factor that increases resistance at the TM in POAG remains poorly understood. Whether factors exist in the AQH that baths TM and affects TM cells behavior remains to be discovered. Initially characterized as smooth muscle contracting substrates, prostaglandin (PG) lipids were identified in the iris and these substances were collectively named irin in 1955 [13] . PG lipid analogs were subsequently found to be one of the most effective IOP reducing entities [33, 34] . However, the effects of other classes of lipids on IOP or outflow facility have just begun to be studied. A relationship between intraocular and systemic blood pressures is thought to exist and is potentially responsible for influencing the onset and/or the progression of POAG [35] . Vascular factors such as decreased optic nerve blood velocity and increased red blood cell aggregation have been thought to influence the progression of POAG by increasing intraocular pressure. These factors are influenced by lipids [36] . Findings such as significantly reduced levels of red blood cell and plasma eicosapentaenoic acid (EPA) as well as docosahexaenoic acid (DHA) compared with healthy patients may explain increased erythrocyte lipid membrane rigidity and aggregation observed in POAG patients. POAG patients had reduced phosphatidylcholine (PC) complexed DHA in erythrocytes [37] . Glaucoma patients are thought to have enhanced platelet aggregation, which impaires ocular blood flow. The EPA is a precursor of the vasodilator, antiaggregatory and anti-inflammatory eicosanoids [36] . Regular intake of omega-3 fats is of fundamental importance to ocular health and supplementing the diet with EPA/DHA has been shown to reduce intraocular pressure in experimental animals [38, 39] . Also, lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P) decrease aqueous humor outflow, indicating non -PG lipids are involved in regulation of AQH outflow as well [40] . As lysophospholipids have been implicated in aqueous outflow and in damage processes [41] , we analyzed lysophosolipid to phospholipid ratios in AQH of control and POAG donors for total lipids (Supplementary Figure 1A) as well as for each class of phospholipids (Supplemental Fig. 1B-E) . The lysophospholipid as a percent of total phospholipids indeed increases in glaucoma (Supplemental Fig. 1A ) consistent with the possibility of their involvement in the damage process. This increase is mostly attributed to level of phosphatidylserines and phosphatidylethanolamines (Supplemental Fig. 1C and D) . In contrast the lysoPC and lysoPI levels are higher in controls than in glaucoma (Supplemental Fig. 1B and E) . The existence of members of all lipid classes and that of the lysophospholipids in the AQH remains to be investigated. The identification, quantification, and their changes in POAG will help investigate the roles select identified lipids play in TM cell biology.
Phospholipids are the main components of the membrane lipid bilayer that assist in creating cell boundaries as well as integrity of the cells for life processes. It is membrane phospholipids that create a hydrophobic environment for transmembrane protein function and communication. Some membrane lipids are part of lipid second messengers which are metabolized by enzymatic activity from phospholipid precursors [42] . However, there is increasing evidence that phospholipids may have a much larger role in the regulation of ocular mechanisms because of their presence in the aqueous humor and their subsequent changes under injurious circumstances. Studies have shown that growth factor-like glycerophosphate mediators of the LPA class are present in AQH as well as the lacrimal gland of a rabbit eye, and corneal injury has resulted in the increased production of these mediators [43] . In the AQH itself, alkenyl-glycerophosphate has been identified in post injury AQH [43] . Lysophospholipase D (LysoPLD) activity of autotaxin was found significantly elevated in the aqueous humor of POAG patients in comparison with control aqueous humor, which suggests a high level of mechanistic importance in phospholipids in the aqueous humor [44] . Corneal wounds in rabbit eyes have shown a high enzyme activity of plasma lysoPLD, or autotaxin in both control and injured rabbit corneal tissue. However, levels of lysophosphatidycholines were several times higher in injured corneal AQH samples in comparison with control AQH samples, suggesting that lysoPLD is released from corneal tissues into the AQH [45] . In addition, phosphatidylinositol (PIs) are one of the known classes of phospholipids undergoing significant changes during the administration of PG analogs for IOP lowering [46, 47] . Recent studies have also shown a significant difference in phospholipid species between human POAG and control trabecular meshwork tissue [48] , yet the differences in phospholipid profiles in POAG AQH and control AQH have yet to be studied in further detail.
Endogenous lipids in the anterior chamber may be involved in regulation of aqueous outflow, outflow facility and IOP. The previous techniques such as various forms of chromatography and nuclear magnetic resonance necessitated (1) knowledge of several different chemistries due to different chemical behavior of different lipid species even within a class and, (2) requirement of large amounts (microgram quantities) of lipids for identification and characterization. Recent advances in mass spectrometry enable overcoming these two greatest hurdles towards high throughput determination of identities of phospholipids of all four classes (PC, PS, PE and PI) in the AQH. We have determined the endogenous phospholipids present in AQH using triple quadrupole mass spectrometry in precursor ion and neutral loss scan modes with parameters that have been well established in the lipid field [20] . Using these methods, we present two phospholipid species that have been determined as statistically significantly different; PC(16:0/26:2(5Z,9Z)) found in 4 control and 10 POAG donor AQH (Table 2 ) and PI(15:0/22:0) found in 8 control and 7 POAG donor AQH ( Table 5 ). The same phosphatidylcholine and phosphatidylinositol species were found in the TM of control and POAG donor tissues [48] . Control and POAG TM tissues have little difference in the amount of PC(16:0/26:2(5Z,9Z)); however, control and POAG AQH have a significant difference, with the control AQH having a much higher amount than POAG. PI(15:0/22:0) was found in a much higher amount in control AQH, than in POAG AQH, but in much lower amounts in control TM than in POAG TM. Data suggests these phosphatidylcholine and phosphatidylinositol species undergoes a switch in average amounts in correlation with the development of POAG, which alludes to PC(16:0/26:2(5Z,9Z)) and PI(15:0/22:0) moving into the AQH from the TM under normal physiological conditions, but their inhibited movement with development of POAG. These results allude to a possibility of an unnatural buildup of PC(16:0/26:2(5Z,9Z)) and PI(15:0/22:0) in POAG TM, and thus, much lower amounts in the AQH. Further investigation of whether PI(15:0/22:0) and PC(16:0/26:2(5Z,9Z)) are limited to the TM-AQH system and how exactly these phospholipids come to appear in two different tissues remains pure speculation at the present moment but are important questions for future experimentation.
In the current investigation, all AQH samples were collected locally, frozen immediately and were stored at −80°C until used for analyses. AQH samples were subjected to only one thawing cycle prior to their use. Our control analyses with cornea and other anterior chamber tissue/fluids from mammalian model systems (porcine, bovine and a select subset of humans) showed a decrease of phospholipid species but no selective absence or appearance of a phospholipid species as a function of storage up to a week at 4°C in PBS or Optisol GS [49] and no alteration when immediately stored in −80°C and thawed only once (Bhattacharya, SK and Aribindi, K.; unpublished observations), our observations parallels that for mass spectrometric analyses of serum [50] , where repeated freeze-thaw cycles have been previously shown to affect small molecules and peptides. AQH is likely to provide an accurate depiction into the differential lipid profile between control and diseased samples because of the local control of sample from collection to analyses. Three other factors are intrinsically likely to broadly affect the lipid profiles apart from biochemical individuality of the donors: (a) confounding factors of diseases or disorders that are well known to affect lipid profiles such as hyperlipidemia, (b) use of drugs by the donors such as statins and (c) confounding factors of diseases that are per se not lipid related such as diabetes. Previously, use of statins have found not to affect the phospholipid profiles in the lens and conjectured not to affect that in the ocular tissues [51] . Careful analyses of statin users reflect very little changes in phospholipids systemically [52] supporting that phospholipids are probably not significantly affected in statin users. Nevertheless, information as to whether or not a donor was on statins has been provided for the phospholipid species that were classified as unique identifications.
The triple quadrupole instrument used here has a resolution of 1 atomic mass unit (at 0.7FWHM), which is a first pass attempt to profile all phospholipid species. Further highresolution mass spectrometry will enable these identifications with greater conformity. In the future, the unique species identified here will need to be carefully characterized using different collision energies and high-resolution mass spectrometry. A comprehensive comparison between TM and AQH, along with other tissues including blood and optic nerve will provide insight about systematic and local changes occurring in glaucoma as well as complications from confounding factors. A possibility of an applied outcome from this research also looms in the horizon. Continued research in PG analogs beyond their original discovery in the iris [13] led to their development as effective IOP reducing topical medications like latanoprost and travoprost [53] . Lowering IOP by increasing the outflow via the conventional pathway will be close to normal physiology [54, 55] . Apart from pilocarpine, a muscarinic agonist of inferior efficacy compared to prostaglandins with significant side-effects, no other drugs are available to enhance aqueous outflow via the TM pathway. The development of additional IOP lowering drugs, especially those through which aqueous drainage is increased via the conventional outflow pathway, is needed. Endogenous lipids other than prostaglandins present in the AQH might have some potential in this direction and only future continued research will reveal whether this is a viable possibility.
In conclusion, future work will reveal biological consequences of local alteration of phospholipids in the AQH as well as the TM region and insight into their contribution in pathology. Profiling of lipids is also expected to help expand databases (perhaps infinitesimally incremental) enabling the synthesis of interesting lipid species and their screening to determine the biological roles that they might play in the anterior segment of the eye.
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Highlights
• Phospholipid profile comparison of human control and glaucomatous aqueous humor.
• Mass spectrometric showed several phospholipid species common between them.
• A number of unique lipid species in four phospholipid classes were also identified.
• Some were uniquely present in control, but absent in glaucomatous and vice versa. Representative electrospray ionization mass spectrometric analysis of the phosphatidylcholine (PC) class of lipids in human aqueous humor (AQH) analyzed in positive-ion mode. (A) Representative spectra of human control and (B) glaucomatous AQH as indicated with internal standard (arrowhead; m/z ratio of 650.6) that has been used for ratiometric quantification. Precursor ion scan for m/z 600-900 has been shown. Arrow shows presence of a unique species in control AQH. Common lipid species between control and glaucomatous aqueous humor The lipid species identification is based on Lipidmaps database, used as a *.csv file for bioinformatic analyses with MZmine 2.9 program. ** A representative mass/charge ratio is presented (variations in m/z was reconciled by MZmine 2.9). Average standard non-normalized dataset is presented here. For some lipid species identified, standard error of mean could not be calculated due to lack of presence in all samples.
Table 3
Common lipid species between control and glaucomatous aqueous humor The lipid species identification is based on Lipidmaps database, used as a *.csv file for bioinformatic analyses with MZmine 2.9 program. Table 4 Common lipid species between control and glaucomatous aqueous humor Common lipid species between control and glaucomatous aqueous humor The lipid species identification is based on Lipidmaps database, used as a *.csv file for bioinformatic analyses with MZmine 2.9 program. ** A representative mass/charge ratio is presented (variations in m/z was reconciled by MZmine 2.9). Average standard non-normalized dataset is presented here. For some lipid species identified, standard error of mean could not be calculated due to lack of presence in all samples. Biochimie. Author manuscript; available in PMC 2015 June 01.
